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Fig.1 Schematic of the ultrasonic-assisted plating-brazing platform for flexible graphite film: (a) flexible graphite film, (b) ultrasonic-assisted
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Fig.2 Electrical conductivity measurement of soldered joints: (a) circuit design; (b) ultrasonic soldered joint; (c) joints under different bending

degrees
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Table 1 Surface energies of B-Sn with different crystal planes
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Table 2 Layer-dependent surface energies of the p-Sn(200) surface
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Fig.5 XRD patterns of the three materials: (a) FGF, (b) Sn solder, (c) Sn9Zn solder
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Fig.7 Cross-sectional microstructure of pure Sn and Sn9Zn coatings on FGF surface at different ultrasonic plating times: (a, e, i) pure Sn at 25, 35,

and 45 s; (c, g, k) Sn9Zn at 25, 35, and 45 s. (b, f, j) and (d, h, 1) are the corresponding locally magnified views, respectively
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Fig.8 Cross-sectional microstructure of pure Sn and Sn9Zn coatings on FGF surface at different temperatures: (a, e, i) pure Sn at 280, 300, 320 °C;

(¢, g, k) Sn9Zn at 280, 300, 320 °C; (b, f, j)5(d, h, 1) are the corresponding locally magnified views, respectively
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Fig.9 Cross-sectional microstructure of pure Sn and Sn9Zn coatings on FGF surface at different ultrasonic power: (a, e, i) pure Sn at 480, 640, 800

W; (c, g, k) Sn9Zn at 480, 640, 800 W; (b, £, j) /& (d, h, 1, m) are the corresponding locally magnified views, respectively
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Fig.11 XPS spectra obtained from the FGF/Sn interface: (a) survey scan; (b) Cls spectrum; (c) Sn3d spectrum
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Fig.16 Cross-sectional morphology of FGF joints soldered with pure Sn: (a) at 3 s with ultrasonic; (b) at 3 s without ultrasonic; (c) at 5 s with

ultrasonic; (d) at 5s without ultrasonic

B 17 FoR KA Sn9Zn TR, 786 TSk A4 Bh
TR M BSOS . Horh, Sl )
KR 3 s 55 s 3L (UAS-3s, UAS-55) 70 5ll7~ T B 17(a)
(), MEHBFHBIEIE3 s 55 s fiHk (NUAS-3s,
NUAS-58) 457~ T B 17(b) 5 (d) -

WE 17(a)fi~, UAS-3s #3k R4 50 S R
SV E. TS, RS NG S 2,
HAEF AT SR VR LB 450 . AL, 7ECHES
AT TR NUAS-3s £k (& 17(b)) FE4&+ HIW]

B T

AL, X AT e H I (R L sk = A AR
FECRI EABRYA RO T RHERATE 23 Pk

HEAENEERE S s (B 17(c) , BREES5FMA
SRJRAT DR FF R 45 s (SR SRR 1B) B T AR AL,
FRIIA (78 7 1 AT X SR SRR IR G 447 AL
. TR TCHE S A T REEN R E 5 s (K
17(d)) , IS5, RiEASEA% B L)
NMEERIF G IR BB, ERa GO RS,
R B ERAR T R EET 3

B 17 25 Sn9Zn FTRIEIZZ M AZRIELNEEMN: (o) BFEHEN 3 s; (b) TBFEHEI3s; () BAEMENSs; (d) TBFEHENSs

Fig.17 Cross-sectional morphology of FGF joints soldered with Sn9Zn: (a) at 3 s with ultrasonic; (b) at 3 s without ultrasonic; (c) at 5 s with

ultrasonic; (d) at 5s without ultrasonic
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Fig.19 Characterization of electrical conductivity for joints: (a) variation of resistance in Sn joints with chord length; (b) variation of resistance in

Sn9Zn joints with chord length; (c) Electron movement in the joint; (d) Flexible wearable circuit model and application

3.6 STIREELAMBE RBUIARITA

Bl 20 s sk -0 S OO0 A R T2 45 1 3
A SRR AT IR AT A BE MR O 25 3, I RSk )
SREHE AT BR BRI EE

H & 20(a) T ., Sn9Zn FFRMZ L1 5 AR EE #d
BUREUY & T4 Sn Bk X4l Sn AR, A B
Bk SR B0s T S Bk, X R RE H T8 A A
B R R S N AE R Sn B0 T A RS B 12,
[Fi) B 5 T A P R T BB AR BEL, TG FEAER T 768 75 4 B
KBk R SRR . BRAh, TE4L Sn AR, Lik
SRR, EREN AN 3 s ML SR E T 5
Bk, Ut B2 R 402 fo g S AR R I B R 3R

FE B 20(b) 1) Sn9Zn 14 & Hp U] £ ILA R LA : UAS-5s

~sl (a) ~_~Su
DR =<~ -8Sn97n

" [
Ser ] 7
g e S

B : :

Z4F

2 .

1'5': If

g2l .

5

Eof

FGF UAS-3  UAS-5 NUAS-3 NUAS-5

Bk S S T UAS-3s, NUAS-5s 7K T NUAS-3s,
U BT 22 2 K 3 492 B[R] A5 ) 1 1 B4 B BB K ) S T 45
Mo FEAFERERSE (3 s) N, MMM LI SR
RERG A& T AL, XFEBEAFTEA
PRBFTi75 A B 2 A ROR 5 75 RSN B RIPE . s Akl
TERAFRFR A KSR, HAERE&ER. Sk
B s, w A SO R R SR S AT R R TH AR
PRI, FEORBEF RS N A B ZE 1], TRV BLA81 4544,
M R S5 & . RN, 7S SN 51 R i) 22 I 3l Rg
BT RIE 2 M A S8 R T (Y s i R S5 TR il g, 3
S AE IR B R R SR S e k. A SLREIEA,
RERICT SR, e T ek BN,

b -9 -Sn
10} (®) - -Sn9Zn
:
o B R Pt Il
: 8 ? ¥
2 6f ’
2
7
| K
S
—[_1 /
I
FGF  UAS-3 UAS-5 NUAS-3 NUAS-5



S Wi R RS TR A4

(Wi MRS TRE) SE RHRiE

B 20 AEISFRIANSTIERSEELAMRE: QRIER; (b) AT HERY
Fig.20 Thermal properties of joints under different solders and soldering times: (a) thermal Conductivity; (b) thermal Diffusivity

NEIPAG BESk I BURE RS, AN SR AL AN AR
PGBEARST R S TE N5 A ) 3ok 2 o 1 3R TR B 2 A AT
S5 7387 o B RH A [RI DO Ah e Sk e e A SR T
200 Chn#va b, SRR (xy “FID AT,
M AN RBUGACE SR RRE BN, DERTEE T
M (z J5D L ST N .

MIHREFE (E 21(a)) AL, S AR aa iR & 5y =R

(22.6 'C) o FEMFEINFNI B, SRAEA SRR L
THRONEZ, EEiiEik 97.9 C, RUIHINE TS FfE

PR, fEEL T, NUAS-3s #2088, 3
B LA ARG R A B
IR FEF (B 210b) , FrEREMM 90.2 CHF

(a) 22+60C 58. soc: 92.4°C 97.9°C

* *
FGF {0:

UAS-3s n.
NUAS-3s
UAS-5s .n
NUAS-3s :6:

0s  30s 50s 100s 150s 200s 250s 300s
1o (©) T :
/,,r'" q.;*v——‘*l O e 00
o80T 8 ]
E % /
b . ¢
= 7
=60} 100
[
= g9 =33
B e pae FGF
U] - / —o—UAS-3s
E ols UAS-5s
s NUAS-3s
20 90 110 130 150 170 100 210 NUAS-5s
, . Tuule.“s

0 50 100 150 200 250 300
Time/s

100°C

23.2°%C

IEHERAEE . & 300 s B, TASERMREREE
29.5 C. MEER I, NUAS-3s £k 7E R IR FE it AR
A N Geng, R HEHE R A, 5K 20 Hizdk
AABmEFREARBEE R

SEA T 21(c)RN(d) 5 - TR] Bl 2R v 0, BE SR AE T
Y 150 s JEiR R TR e 7ERRd R Rt T AHIE
N E] P P 2 R SR . X U W BT ) 8 e S 5 SR M A SR
AR PRI REAE 2, HAR FEAERIAT L 1t S
A B I T R

(b)  902ec 55.2°C 32.9°C 29.5°C
4 4 4 4 100°C

o R
LRI

UAS-3s
e [T RS
g !": ‘:"
UAS-5s
e[RRI
0s  30s 50s 100s 150s 200s 250s 300s 23.2°C
100 F (d) FGF
E-“' 39 \ +UAS'3S
FAN UAS-5s
gobt E. N NUAS-3s
P 23 o NUAS-5s
é &30 0=
E 60 | Ly
5] . 90 110 130 150 170 190 210
g" W Time/s \
g v
j N5 S T
40t
1
1

" " 1 " L " 1 " 1 " 1
0 50 100 150 200 250 300
Time/s

[E 21 45 Sn STRLERRMABRIELNSHRMENAER: (FHRLIMARIKE; (b) BERAIMABGE; (oFHRILZ; (DR
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Bonding Mechanism and Physical Properties of Flexible Graphite Film Joints
Soldered with Sn-Based Solder
Ma Zhipeng'?, Zhang Yuting', Zhuang Biying!?, Liu Kunying', Wang Chuang', Li Yinan*, Fu xiaowei'*

(1. School of Materials Science and Engineering, Heilongjiang University of Science and Technology, Harbin 150022, Heilongjiang Province,
China)
(2 .Heilongjiang Application of Graphene Powder Engineering Technology Research Center, Heilongjiang University of Science and Technology,
Harbin, 150022, Heilongjiang Province, China)
(3. Key Laboratory of Graphene Application Research in Heilongjiang Province, Heilongjiang University of Science and Technology, Harbin,
150022, Heilongjiang Province, China)
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Abstract: Flexible Graphite Film (FGF) has great application potential in the field of flexible electronic thermal management, but its inherent poor
wettability and layered structure restrict reliable joining. In this paper, an ultrasonic-assisted plating—brazing composite process is proposed; using
pure Sn and Sn9Zn solders, low-temperature joining of FGF is realized. The ultrasonic plating process is systematically optimized, and the
bonding mechanism at the Sn/FGF interface is investigated by first-principles calculations. The microstructure and properties of joints with and
without ultrasonic assistance are comparatively analyzed. The results show that ultrasonic plating can form a uniform coating on the FGF surface;
for pure Sn solder the optimum ultrasonic plating time is 45 s, temperature 320 °C, power 640 W, whereas for Sn9Zn solder the optimum time is
35 s, temperature 280 °C, power 800 W. Ultrasonic brazing significantly improves interfacial bonding and promotes the formation of a mechanical
interlocking structure between solder and FGF. First-principles calculations reveal that Sn atoms lose electrons and C atoms gain electrons at the
interface; the C—Sn bond population is between 0.03 and 0.06. Combined with the calculated work of separation, comprehensive analysis indicates
that Sn/FGF interfacial bonding is dominated by van der Waals forces and weak chemical bonding induced by charge transfer, accompanied by
weak covalent—ionic mixed bonding. In terms of joint performance, joints ultrasonically brazed for 3 s with pure Sn solder exhibit the best
electrical conductivity, superior to joints ultrasonically brazed for 5 s with Sn9Zn solder; the electrical conductivities are 3.49x10° S/m and
2.25x10° S/m, respectively, and the stability in bending tests is better than that of joints without ultrasonic assistance. In heat dissipation,
Sn9Zn-brazed joints are overall superior to pure Sn joints; because of secondary ultrasonic application during joining, 5 s Sn9Zn joints brazed
without ultrasonic assistance display the optimum thermal conductivity and thermal diffusivity.
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Corresponding author: Ma Zhipeng, Ph. D., Professor, School of Materials Science and Engineering, Heilongjiang University of Science and

Technology, Harbin 150022, P. R. China, Tel: 0086-451-88036215, E-mail: mazhipeng@usth.edu.cn


https://iopscience.iop.org/article/10.1088/2053-1583/abec23
https://sci-hub.red/meta/10.1016/j.microrel.2008.11.014
https://www.emerald.com/ssmt/article/36/5/268/1219055/Formation-and-growth-mechanism-of-thin-Cu6Sn5
https://link.springer.com/article/10.1007/s11664-014-3589-0
https://link.springer.com/article/10.1007/s10853-025-11573-3
https://link.springer.com/article/10.1007/s10853-025-11573-3

